Nanoparticles in a biological fluid (plasma, or otherwise) associate with a range of biopolymers, especially proteins, organized into the ''protein corona'' that is associated with the nanoparticle and continuously exchanging with the proteins in the environment. Methodologies to determine the corona and to understand its dependence on nanomaterial properties are likely to become important in bionanoscience. Here, we study the long-lived (''hard'') protein corona formed from human plasma for a range of nanoparticles that differ in surface properties and size. Six different polystyrene nanoparticles were studied: three different surface chemistries (plain PS, carboxyl-modified, and amine-modified) and two sizes of each (50 and 100 nm), enabling us to perform systematic studies of the effect of surface properties and size on the detailed protein coronas. Proteins in the corona that are conserved and unique across the nanoparticle types were identified and classified according to the protein functional properties. Remarkably, both size and surface properties were found to play a very significant role in determining the nanoparticle coronas on the different particles of identical materials. We comment on the future need for scientific understanding, characterization, and possibly some additional emphasis on standards for the surfaces of nanoparticles.
T
here is a growing appreciation that an understanding of the fundamental interactions of nanoscale objects with living matter will play a central role in nanomedicine, as well as in terms of nanosafety issues. For this reason we believe that accurate and extensive mapping of the biomolecule (e.g., protein) corona around a nanoparticle is emerging as a key objective of bionanoscience. Consequently, we consider that an understanding of the principles governing the formation of the corona-for example, the connection between nanomaterial properties and corona composition-will set new directions for bionanoscience. In biological media (e.g., human plasma) we envisage the particle surface being ''dressed'' by a corona of biological macromolecules that may be loosely divided into a ''soft'' component in which rapid dynamical exchange of the biomolecules between medium and particles predominates, and a ''hard'' corona, whose constituent biological macromolecules have a high affinity for the particle surface. The long residence times of biomolecules (e.g., proteins) in the hard corona make it easier to isolate and identify them (1, 2) . This loose division into hard and soft coronas has been illustrated in some examples (1, 2) in which a simple method of ''pelleting'' (spinning particles and medium, removing the supernatant, and then washing the pellet to discard loosely associated molecules) is found to be consistent with the identification of the hard corona via other techniques. This method must be applied with care (2) , because the washing steps can fail to remove excess (abundant) unbound proteins, but it has been applied with some success (3) (4) (5) (6) (7) . Several investigations of the protein corona around polystyrene particles have used silver-stained 2D PAGE gels to detect the proteins eluted from the particles followed by spot excision, trypsin digestion, and peptide detection with mass spectrometry (3) (4) (5) (6) (7) . Although our results for the more abundant proteins are similar to those discussed previously, by using 1D gels and mass spectrometry, we show that the hard corona is much more complex than previously considered. This is important, because proteins associated to nanoparticles for sufficient time are likely to be implicated biologically in some transport or other process, and we should by no means expect their abundance to reflect biological impact. Crucially, we also find that, irrespective of the nanoparticle material, both surface properties and particle size influence the composition of the hard corona. This has significant implications for our conception of nanomaterials in a biological environment, because it implies that the bulk characteristics are (much) less important than the surface ones. Indeed, even in framing standards or regulations in nanoscience, one may need to take account of the implications of the research presented here. Systematic studies of polystyrene particles with different sizes and surface charge, combined with a survey of a homologous series of N-isopropylacrylamide (NIPAM)/N-tertbutylacrylamide (BAM) copolymer nanoparticles, is used to illustrate the range of possibilities for hard corona formation.
Results and Discussion
In this study we investigate the effect of nanoparticle size and surface charge on the formation of the protein corona from human plasma. The clotting mechanism is inhibited by EDTA to provide a model system for the biological fluid. Plasma was withdrawn on one occasion from healthy humans (for details see Material and Methods). Highly monodisperse polystyrene nanoparticles (50 nm and 100 nm) that are widely available for future biological studies provide an example of a controlled systematic variation of properties that could affect the protein corona, and where the fate and transport of the particles can be tracked. For each size we select positively charged (by amine modification), nominally ''neutral'' unmodified (plain) polystyrene particles, and negatively charged (by carboxyl modification) as described in Table 1 . The size, zeta potential, and other properties of the particles were determined in the buffering conditions relevant to the plasma corona studies (see Table 1 ) and, as is usual with commercially supplied samples, significant deviations from nominal specifications were observed. In one case the particles were found (by dynamic light scattering) to disperse poorly, illustrating the extreme care one needs to take with sample characterization before such studies. Thus, the 100-nm amine-modified polystyrene particles did not fulfill the criteria of monodispersity and charge for which they were bought. According to dynamic light-scattering measurements the particles aggregated and zetapotential measurements in PBS gave a negative surface charge instead of a positive one, as shown in Table 1 .
Particles were incubated with plasma for one hour followed by centrifugation to form pellets of the particles, and extensive washing to remove all of the unbound proteins. Bound proteins-the hard corona-were eluted from the particles and separated by 1D PAGE. Selected bands were excised and the proteins trypsin digested before detection by mass spectrometry, that is, it is peptides from the protein amino acid sequence that are detected. Sequence coverage refers to the degree to which the whole-protein amino acid sequence has been covered by the peptides detected by mass spectrometry.
Different ratios between plasma concentration and total particle surface area were studied, keeping the ratios the same regardless of the particle size, and we report detailed results for conditions under which the pellet size is maximized. Fig. 1 shows the pellet sizes for the 50-nm carboxyl-modified particles as an example. The difference in pellet sizes is also reflected in the intensity of the bands in the 1D PAGE gels, see supporting information (SI) Fig. S1 . As can be seen in Fig. 1 , the pellet size first increases with increasing plasma concentration. However, a subsequent decrease of the pellet size can be observed for all particles (see Fig. S1 ), except the 100-nm amine-modified particles, for a certain region of plasma concentration. If the plasma concentration is elevated over this region the pellet size starts to increase again. The amine-modified 100-nm particles did not show this drop in pellet size with increased plasma concentration; instead, the pellet size increased with increasing plasma concentration. The different behavior for the amine-modified 100-nm particles compared with the other ones could be an effect of aggregation of the amine-modified 100-nm particles (see Table 1 ). Again, one sees the consequences of (often unnoticed) deviations in nanoparticle properties from nominal specifications. The result for a ''true'' 100-nm positively charged polystyrene particle will probably be different from results reported in this article. These observations are intriguing and may reveal important observations in more full investigations. In essence, for the moment, we see the maximum as a reference point for ourselves and other researchers at which the corona can be determined and compared for different systems. The effect itself is possibly due to complex associative fluid phenomena (such as those that drive phase separations) controlling effective interparticle interactions, which vary with the nature of the added plasma. It could also be a matter of practical importance whether the mechanism of protein corona formation around nano-and microparticles is affected by this (although, as yet, our investigations reveal no such effects). Fig. 2 shows how the lanes from the 1D gels were cut into individual samples that were then trypsin digested and analyzed by mass spectrometry. The full 1D gel lanes were analyzed, with all visible bands being cut individually, and the spaces between the bands also being analyzed. Table 1 shows the number of *1, 100-nm amine-modified; 2, 50-nm amine-modified; 3, 100-nm plain; 4, 50-nm plain; 5, 100-nm carboxyl-modified; and 6, 50-nm carboxyl-modified. † According to the manufacturer. ‡ 10 mM phosphate, 0.15 M NaCl, 1 mM EDTA, pH 7.5. § The polystyrene particles were core-labeled with fluorophores: orange for the 100-nm amine-modified, blue for the 50-nm aminemodified, and yellow-green (YG) for the plain and carboxyl-modified particles. ¶ Except immunoglobulin. ʈ These numbers should not be regarded as absolute numbers; instead, they should be regarded as guidelines to the number of proteins in the hard protein corona. Table S3 .
Fig. 2.
Illustration of SDS/PAGE gels and bands excised. Lanes: 1, 100-nm amine-modified; 2, 50-nm amine-modified; 3, 100-nm plain; 4, 50-nm plain; 5, 100-nm carboxyl-modified; and 6, 50-nm carboxyl-modified. The selected lanes for the different particle types were cut according to the pattern shown to the right of the gels. The numbers to the right of the pattern show the numbering for the proteomic data found in Table S3 . The plasma concentrations for the different samples were: 1, 2.8; 2, 0.56; 3, 0.28; 4, 0.56; 5, 0.56; and 6, 5.6 ml of plasma per m 2 particle surface. bands cut for each particle reported. The full list of detected proteins and the proteomics data can be found in Table S3 . For the 'neutral' particles, the major part of the ''hard'' corona consists of fibrinogen, IgG, albumin, and inter-alpha-trypsin inhibitor heavy chain, as shown previously (3-7). However, there are quite significant groups of proteins identified, even for the neutral particles. Table 1 shows the total number of identified proteins on the six different particles (except IgG, which will be discussed separately), and it is significant that some tens of proteins are reliably detected for all of the nanoparticles studied.
A general comparison of the degree of similarity of the protein coronas around the different nanoparticles is presented in Fig.  3 . We emphasize that, although this is a useful manner in which to understand the relationship of physiochemical properties to overall corona structure, even minor compositional changes (such as those shown below to arise from nanoparticle size alone in the case of ''neutral'' polystyrene nanoparticles) are sufficient to cause a change in the (potential) biological impact. Fig. 3 illustrates the fraction of proteins that is unique for each particle type, as well as the fractions detected on two or more particles. Fig. 3 A-C illustrates the overall effects of particle size. Thus, the coronas around two different sized neutral polystyrene particles (Fig. 3B ) are very similar, with Ϸ80% homology between the two coronas, suggesting that the molecular (e.g., hydrophobic) properties are more important than size for that case. In contrast, a size effect is observed for both the amine- (Fig. 3A) and carboxyl- (Fig. 3C ) modified particles. There are differences for both the amine-and carboxyl-modified particle pairs that can be interpreted as a size effect. Interpretation of the differences in the composition of the protein coronas observed for the two aminemodified particles is hampered by the difficulties with the dispersion and zeta characterization of the 100-nm particles (see Table 1 ). As a result the observed differences could result from one or a combination of the following properties: size, charge, and/or changed surface properties because of different fluorophores. Still, we retain this result, in part, to illustrate the current situation for commonly available reference nanoparticles.
The homology between the coronas for the carboxyl-modified particles is only Ϸ50%. This is a striking confirmation that the corona around nanoparticles will be size-dependent, and one may therefore expect different biological impacts, not just from the direct consequence of size, but from the implicit interactions from the corona. This is an important point that must in future be appreciated in in vitro and in vivo studies in nanomedicine and nanosafety.
Polystyrene particles are slightly negatively charged as a result of surface charges, which arise from fragments of the initiator used to start the polymerization reaction. However, by convention, these are considered to be plain or neutral particles, because they are not specifically functionalized. In this work, the polystyrene particles used have positive (amine-modified), neutral (the plain unmodified particles), or negative (carboxylmodified) charges, and can be classified according to their surface chemistry or zeta potential. We discuss the overall dependence of the resultant protein corona on surface charge and zeta potential and identify adsorption patterns and similarities. The interpretation of these data is further complicated by the fact that the nanoparticles are labeled with different fluorophores, as result of the fact that they are commercially sourced and therefore dependent on what is available. The aminemodified particles are labeled with a blue fluorophore (50-nm particles) and an orange f luorophore (100-nm particles), whereas the carboxyl-modified and plain particles are labeled with a yellow-green fluorophore. Müller et al. (7) have shown that fluorophore labeling of manufactured polystyrene particles affects the distribution of the most common proteins adsorbed to the particles compared with unlabeled manufactured polystyrene particles. However, all particles used in this study are fluorophore-labeled and the fluorophores are expected to be buried in the core of the particles. Furthermore, the four plain and carboxyl-modified particles are all labeled with the same fluorophore, making it possible to compare the coronas formed and to draw some general conclusions about how different surface charges can affect the hard corona composition. It transpires that protein coronas for the same particle size but different surface charge (and surface chemistry) exhibit a rich range of behaviors (see Fig. 3 D and E) .
For the 50-nm particles (Fig. 3D) , Ϸ35-40% of the proteins are common to all three coronas (green), whereas Ϸ35% of the proteins are unique to nanoparticles of a given surface composition (white). The remaining Ϸ25-30% of the corona for the carboxyl-modified (yellow) and amine-modified (blue) particles is composed of different (Ϸ15-20% for each type) proteins that are also found in the plain corona. A small component (Ϸ5-10%, red) that is common for the two charged particles is not found in the protein corona around the plain (neutral) particle.
The picture is different when the coronas around the three different 100-nm particle types are compared (Fig. 3E) . For the carboxyl-modified particles only a small fraction (Ϸ15%) of proteins (white) are unique, whereas the plain and aminemodified particles (which were not 100 nm but were aggregated with a size on the order of micrometers) again each have Ϸ35% proteins (white) that are unique to them. The surface-modified particles have Ϸ50% proteins in common, and Ϸ35% in common with the plain particles (green). The plain and carboxyl-modified particles share a large fraction of proteins, Ϸ25% and Ϸ35%, 
white). (D and E)
Comparison of the similarities of the corona for particles of the same size but different surface charges: fraction of proteins found on all three particles (green), fraction of proteins found on the amine-modified and plain particles (blue), fraction of proteins found on the plain and carboxyl-modified particles (yellow), fraction of proteins found on the amine-and carboxyl-modified particles (red), and fraction of proteins found on just one specific particle surface (white).
respectively (yellow), whereas only a small fraction, Ϸ5%, of the proteins are shared only between the plain and amine-modified particles (blue). As was also observed for the 50-nm particles, in the 100-nm particles case, just a few proteins (Ͻ10%) are shared only between the charged particles (red).
Bearing in mind that the nanoparticle material, for the plain and carboxyl-or amine-modified particles, is (in the interior) chemically identical, the fact that surface properties so significantly affect the global composition of the hard protein corona is striking. It emphasizes the need for careful controls in future experimental design, not just of nanoparticle size, but particularly of surface properties, if one seeks to carry out systematic and reproducible bionanoscience. Table 2 shows a selection of proteins, grouped according to their function, derived from Table S2 , which is derived from the complete proteomics data presented in Table S1 .
The first group of proteins in Table 2 lists Ig fractions that have been identified as part of the hard-protein corona around the different particles. The differences in the coronas are significant, with different forms of the constant regions and the variable regions of immunoglobulins interacting preferentially with the plain particles. Interestingly, the 100-nm carboxyl-modified particles also have quite a large number of immunoglobulins in their corona, whereas the 50-nm carboxyl-and amine-modified particles have remarkably little. The great variability due to size and charge is intriguing. Immunoglobulins (IgGs) of the type identified on the particles are involved in many processes from immunity response to allergic reaction and anaphylactic shock. IgG is involved in transport across the placenta, as well as the general process of opsonization for presentation to macrophage, for example (8) .
The second group of proteins, apolipoproteins, are involved in the transportation of lipids and cholesterol in the bloodstream (9) and, as such, are expected to greatly affect the intracellular trafficking, fate, and transport of nanoparticles in cells and animals.
We have previously pointed out that nanoparticles of different materials and different sizes associate with apolipoproteins derived from HDL and chylomicrons (1) . The identities of the proteins attached to HDL, LDL, and VLDL have recently been analyzed using proteomics (10) (11) (12) (13) (14) (15) (16) . In particular, the list of proteins believed to be associated with HDL particles has grown significantly in recent years (17) .
The 50-nm amine-modified particles have the highest number of detected apolipoproteins, 9 of the 10 identified being associated with HDL, suggesting that 50-nm amine-modified particles associate with HDL. Apolipoprotein B-100 (the major protein in VLDL and LDL particles, but not HDL) (16) is associated with all 50-nm particles, suggesting that the 50-nm particles associate to some degree with VLDL and LDL.
The two differently sized plain polystyrene particles show less significant differences in the general composition of the hardprotein corona. However, apolipoprotein B-100 is detected throughout the gel for the 100-nm particles, meaning that it is represented in high concentration in the sample, whereas it is not detected at all on the 50-nm particles. This indicates that the 100-nm plain particles may have a preferential interaction with LDL and/or VLDL compared with the 50-nm plain particles. The carboxyl-modified particles also show this size difference in the presence of apolipoprotein B-100.
However, apolipoproteins are, in general, less frequently detected for the carboxyl-modified particles than for the plain particles. For example, apolipoprotein B-100 is detected in 7 of the bands cut for the 100-nm plain particles, whereas it is detected in only 1 of the bands cut for the 100-nm carboxylmodified particles with sequence coverage of 2%. The apolipoproteins are also less frequently detected for the 100-nm amine-modified particles, with apolipoprotein A-I detected in Table 2 . Selection of identified proteins grouped according to their function only one of the bands cut with a sequence coverage of 12% compared with the best sequence coverage for apolipoprotein A-I of 78% for the 50-nm amine-modified particles.
These preferential interactions between different lipoproteins and nanoparticles are worthy of further investigation. To what degree, for example, the 50-nm amine particles follow characteristic fate pathways of HDL, and the 100-nm particles act on LDL receptors, is a topic of considerable future interest.
Protein group three in Table 2 lists proteins in the complement pathways, a key part of the innate immune response. As for immunoglobulins, the plain particles bind most proteins related to the complement pathways, closely followed by the 100-nm carboxyl-modified particles. The cell membrane-penetrating complex, complement C9, is detected on the 100-nm plain particles. The three 50-nm nanoparticles have relatively few complement-pathway proteins detected in their coronas. This variations in which complement-pathway proteins bind as a function of nanoparticle charge and size might suggest that different particles activate different complement pathways to differing extents, and again this is a topic of considerable interest for future investigations.
Group four in Table 2 shows acute-phase proteins in the different coronas, and closely follows the results for the complement-pathway proteins. The plain and carboxyl-modified 100-nm particles again have quite a number of different acutephase proteins in their coronas. A difference can be observed for the 50-nm amine-modified particles. These also have many acute-phase proteins identified as part of the protein corona, whereas only few complement-pathway proteins could be found compared with the plain particles. Again, these observations might suggest the activation of differing inflammatory responses by the particles of different size and surface charge.
The last group of proteins listed in Table 2 concerns proteins involved in the coagulation process. As can be seen in the table, the plain, the carboxyl-modified, and the 50-nm amine-modified polystyrene nanoparticles have almost the same coagulationrelated proteins present in their coronas. The 100-nm aminemodified particles have a slightly different corona content when it comes to proteins involved in the coagulation process. However, there are several proteins from the coagulation process detected in all of the particle coronas. To what degree this reflects the hard protein corona in vivo or is an artifact of the use of EDTA in the experimental buffer (to prevent the coagulation cascade) has yet to be investigated. As they stand, the results are suggestive of different coagulation and platelet response profiles.
Proteins that are not listed in Table 2 can be found in Table  S2 . In all six coronas inter-alpha-trypsin inhibitors, serum albumin, clusterin, and vitronectin are detected. In the coronas around the plain particles, some proteins related to iron, heme, and hemoglobin transport were detected but are absent in the coronas around the 100-nm modified particles.
The idea that the pronounced charge dependence of the corona truly is a surface effect may be further supported by results (Fig. S3 ) from the study of a series of positively and negatively charged 50:50 NIPAM/BAM copolymer nanoparticles in which the charges are spread throughout the particle body (rather than being only at the particle surface as in the polystyrene particles). Thus, random copolymer nanoparticles of NIPAM:BAM with increasing amounts of either acrylic acid (negative charge) or N-NЈ-NЉ-dimethylaminopropyl acrylamide (positive charge) were synthesized, and their zeta potentials determined as before (see in Table S3 ). The number of charges is estimated from the initial composition of monomers, but the fact that the zeta potential is largely unaffected, whereas the swelling temperature is shifted strongly at high charge density, confirms the idea that the surface charge is not much affected, with the majority of the changes residing in the interior (bulk) of the particles. The fact that the gel band pattern is independent of the type and amount of charge in the investigated range (the gels are strikingly similar to ref. 1) suggests that differences in protein corona might be driven by surface-charge properties, rather than the overall force derived from the core of the nanoparticle.
Conclusions
As interest in understanding the principles governing bionanointeractions grows we can expect the quest for the fundamental interacting unit in biological media to accelerate. In this article we have shown that, even though many of the major highly abundant proteins (these being somewhat featureless from a biological activity point of view) in the corona are independent of size and surface charge, a whole range of proteins (many of them having quite distinct biological roles relevant to nanomedicine and nanosafety) form part of the corona. Bearing in mind that, in such well known cases of biological nanoparticles as the LDL and HDL particles themselves, where single or few copies of surface-expressed proteins dominate the biological impacts, we believe that the presence of these proteins could be highly significant. In turn, the nature of the proteins in the corona is (as expected) determined by the local chemical property of the nanomaterial. However, even for a fixed material type, the size of the particle, and its surface modification are able to entirely change the nature of the biologically active proteins in the corona, and thereby possibly also the biological impacts.
There remains, of course, the fundamental question as to the format of presentation of these proteins, and to what degree they are still able to present native epitopes when embedded in the corona. The answer to such questions will likely determine the future roadmap of nanomedicine, nanosafety, and perhaps impact the overall context of nanoscience itself.
Materials and Methods
Polystyrene Nanoparticles. Polystyrene latex beads were purchased from Sigma (amine-modified 50-nm and 100-nm labeled with blue and orange fluorophores, respectively) and from Polysciences [both unmodified (plain) and carboxyl-modified 50-nm and 100-nm, labeled with yellow-green fluorophore]. All nanoparticles were used as received.
Size and Zeta-Potential Determination for the Particles. The size and zetapotential for the polystyrene particles were determined with a Malvern Zetasizer 3000HSa. Polystyrene particles were diluted with either water or PBS before measurement. The measurements were conducted at 25°C by using 75 g/ml and 15-25 g/ml concentration of the 50-nm and 100-nm particles, respectively. Human Plasma. Blood was taken from 10 different seemingly healthy donors. Each donor donated blood for 10 ϫ 3-ml tubes containing EDTA to prevent blood clotting. The blood donation was arranged such that the blood samples were labeled anonymously. They could not be traced back to a specific donor, however, it was possible to use plasma from just one of the donors for a specific experiment. The tubes were centrifuged, for 5 min at 800 RCF to pellet the red and white blood cells. The supernatant (the plasma) was transferred to labeled tubes and stored at Ϫ80°C until used. On thawing the plasma was centrifuged again for 2 min at 16.1 kRCF to further reduce the presence of red and white blood cells.
Polystyrene Nanoparticle Incubation with Plasma. All experiments were conducted at least twice to ensure reproducibility of the particle-protein complex pellet sizes, general pattern, and band intensities on the 1D gels. Particle suspensions of 1.66 mg/ml were incubated with different concentrations of human blood plasma in 10 mM phosphate, 0.15M NaCl, 1 mM EDTA, pH7.5, for 1 h (total volume, 750 l). The ratio of total particle-surface area to plasma concentration was kept the same for the two different particle sizes to ensure comparability between the results. The samples were centrifuged to pellet the particle-protein complexes. The pellet was resuspended in PBS, transferred to a new vial, and centrifuged again to pellet the particle-protein complexes; this procedure was repeated three times. After the third washing step the supernatant did not contain any detectable amount of proteins. The proteins
